Ribosomal protein S 14 genes (RPSII) in eukaryotic species from protozoa to primates exhibit dramatically different intron-exon structures yet share homologous polypeptide-coding sequences. To recognize common features of RPSl4 gene architectures in closely related mammalian species and to evaluate similarities in their noncoding DNA sequences, we isolated the in&on-containing S 14 locus from Chinese hamster ovary (CHO) cell DNA by using a PCR strategy and compared it with human RPSI 4. We found that rodent and primate S 14 genes are composed of identical protein-coding exons interrupted by introns at four conserved DNA sites. However, the structures of corresponding CHO and human RPSll introns differ significantly. Nonetheless, individual intron splice donor, splice acceptor, and upstream flanking motifs have been conserved within mammalian S 14 homologues as well as within RPSl4 gene fragments F'CR amplified from other vertebrate genera (birds and bony fish). Our data indicate that noncoding, intronic DNA sequences within highly conserved, single-copy ribosomal protein genes are useful molecular landmarks for phylogenetic analysis of closely related vertebrate species.
Introduction
Although there are several examples of highly conserved exon DNA sequences among eukaryotic and prokaryotic gene families, the origin and significance of diverse intron patterns remain a mystery (Rogers 1990) . Ribosomal protein (r-protein) S 14 homologues (RPSlI) have been cloned from several animal, plant, and protist genomes (Larkin and Woolford 1983; Himmelfarb et al. 1984; Rhoads et al. 1986; Brown et al. 1988; Larkin et al. 1989; Perelman and Boothroyd 1990) . Individual RPSl4 genes share many of the same polypeptide-coding sequences but vary dramatically with respect to the number, location, and structure of their intervening sequences (Chen et al. 1986; Brown et al. 1988) . Because the 5'-portion of human RPSl4 intron 1 contains regulatory DNA mbtifs required for accurate transcription ; P. F. Overman, D. D. Rhoads, and D. J. Roufa, unpublished data), it seemed likely that at least this intronic region might have been conserved within vertebrate species. To determine the extent to which mammalian RPSll loci resemble one another, particularly with respect to their intervening sequences, we have isolated a functional RPSI4 clone from Chinese hamster DNA and compared it to the human S 14 gene ).
Since we first isolated S 14 cDNAs from wild-type and emetine-resistant mutant Chinese hamster cells (Nakamichi et al. 1983; Rhoads and Roufa 1985) , we have attempted to obtain a genomic DNA clone of the CHO RPSl4 locus. Although we have purified transcriptionally active S14 genes from human and Drosophila (Brown et al. 1988 ) DNAs in a straightforward manner (despite the fact that human DNA harbors multiple S14 pseudogenes) and although others have isolated homologous clones from Succhuromyces cerevisiae (Larkin and Woolford 1983; Himmelfarb et al. 1984) , Neurosporu crussu (Tyler and Harrison 1990) , and Trypunosomu brucei (Perelman and Boothroyd 1990) ) until recently we have been unable to recognize an active Chinese hamster RPSl4 clone. Rather, using conventional cDNA probes, we obtained several different Chinese hamster ( Cricetulus griseus) ovary (CHO) cell S14 processed pseudogenes. In light of these results, it was clear that we required a locus-specific nucleic acid probe to distinguish the transcriptionally active CHO RPSl4 gene from related orphan and pseudogene sequences. Therefore we followed a polymerase chain reaction (PCR) strategy (Davies et al. 1989 ) to isolate an intron-containing DNA fragment derived from Chinese hamster RPSII. We now describe the isolation of RPSI4 from a library of CHO chromosomal DNA fragments. Clones obtained were demonstrated to encode the complete, active r-protein locus, by using a ThuI restriction-fragment-length polymorphism (RFLP) previously associated with CHO RPSZ4 as well as by their phenotypic expression after transfection into cultured cells. The entire nucleic acid sequence of hamster RPSI 4 ( 5,300 bp) , encoding five exons, four introns, and = 600 bp of proximal flanking chromosomal DNA, was determined and compared with the homologous human r-protein gene ).
Material and Methods
The wild-type CHO cell line (Boersma et al. 1979a ) and its emetine-resistant mutant derivative Em'-75 ) have been described. Em'-75 carries an RPSl4 null allele in which the codon specifying ArglSO (CGT) was mutated to a Gly codon (GGT), simultaneously generating a diagnostic ThuI restriction site (CGJCG) near the carboxyl end of the r-protein coding sequence ). The African green monkey ( Cercopithecus uethiops) cell line CV-1 ( ATCC CCL-70) and human (Homo sapiens) fibrosarcoma cell line HT-1080 (ATCC CCL-121 ), both obtained from The American Type Culture Collection ( Rockville, Md.) , as well as livers excised from 14-d-old white leghorn chick embryos (Gullus domesticus) and from Pacific salmon (Oncorynchus sp.) testes DNA (Sigma Chemical Co., St. Louis) were used as additional sources of vertebrate genomic DNAs (see below).
Full-length Chinese hamster (Nakamichi et al. 1983; Rhoads and Roufa 1985) and human (Chen et al. 1986; Rhoads et al. 1986 ) S14 cDNAs have been described. Cloning vectors AGEM-and pGEM-1, the Escherichiu coli host strain KW25 1 (F-, suppE44, gulK2, gulT22, metB1, hsdR2, mcrB1, mcrA-, urgA81:ThlO, recDlO14) and Tuq polymerase were purchased from Promega BioTech (Madison, Wise.) . The bacterial strain E. coli TBl [uru, A(luc-proAB), rspL, F80, lucZAh415, hsdR, (r;, m k' ) 1, T4 polynucleotide kinase, and T7 RNA polymerase were provided by GIBCO-BRL Life Technologies, Inc. (Gaithersburg, Md.) . The pBluescript plasmid vector pBSKSM 13 + and bacteriophage h packaging extracts ( Gigapack II Gold) are products of Stratagene (La Jolla, Calif.). Porcine skin gelatin (cell-culture grade) was supplied by Sigma Chemical Co. Oligonucleotide primers Pl ( S'GGTCATCAGCCT-CGGACCTCA-3') and P2 (5'~CAGCTCCTTGCACCTCTGGGC-3') were synthesized (Nakamichi et al. 1983; Rhoads and Roufa 1985; Rhoads et al. 1986; Brown et al. 1988; Chen and Roufa 1988) . High-molecular-weight (>50 kbp) DNAs were purified from CHO, human, and African green monkey tissue-culture cell lines, as well as from chick embryo liver and salmon testes (Nakamichi et al. 1983 (Nakamichi et al. , 1986 . PCR was used to amplify RPSl4 intronic DNA sequences within these DNAs, according to a method described elsewhere (Davies et al. 1989) . Oligonucleotide primers Pl and P2 were designed from protein-coding sequences shared by CHO and human S 14 cDNAs. Pl is a sense-strand sequence derived from exon II in human RPSII; and P2 is an antisense sequence from human RPSl4 exon III ). Standard PCR reactions (250 ~1) contained 500 ng of purified genomic DNA, primers P 1 and P2 ( 300 ng each), Taq DNA polymerase (12.5 units), Tris-HCl pH 8.5 (10 mM), MgCIZ (1 mM), KC1 (50 mM), porcine gelatin (0.1% w/v) , Triton X-100 (0.1% v/v), and the four dNTPs ( 200 pM each) overlaid with paraffin oil. Forty cycles of PCR amplification involved denaturation at 92°C for 20 s, followed by primer annealing and DNA synthesis at 70°C for 4-9 min (depending on the source of DNA). Amplified DNAs were extracted with phenol : chloroform ( 24 : 1) , recovered by precipitation from cold ethanol, and analyzed by electrophoresis in neutral 4% ( w/v) polyacrylamide gels ( Nakamichi et al. 1983 ) .
Amplified products were repaired and phosphorylated by treatment with E. coli DNA polymerase I (Klenow fragment) and T4 polynucleotide kinase. To isolate individual DNA fragments as molecular clones, they were fractionated on 1.2% (w/v) agarose gels, recovered by electroelution, blunt-end ligated into the SmaI site of plasmid pGEM-1, and transfected into E: coli TB 1. CHO cell nuclear DNA was partially digested with Sau3A; and resulting DNA fragments were size fractionated by sucrose-gradient-velocity centrifugation (Brown et al. 1988) . DNAs ( 16-20 kbp, 1.2 pg) were ligated into the BarnHI site of bacteriophage AGEM-11 arms (2 l.rg) and were incorporated into viral particles by using lambda packaging extracts prepared from restriction-free (mcrA -, mcr& C-, mrr-, hsd-) bacteria. This yielded a library of 1.5 X lo6 recombinant bacteriophage ( =7 CHO cell genome equivalents), which was plated on methyl-DNA-insensitive bacteria (E. coli KW25 1) and screened for RPSl4 by using a cloned CHO intron as the nucleic acid probe ( Benton and Davis 1977 ) .
Chromosomal DNAs and DNA clones were mapped by single and double digestion with restriction endonucleases. DNA fragments were resolved by electrophoresis through horizontal agarose gels and were visualized by staining with ethidium bromide. After the blotting to GeneScreen Plus filter membranes (DuPont NEN Research Products), S14 sequences were detected by using antisense [32P] RNA probes transcribed from CHO S 14 cDNA clones in pGEM-1 with T7 RNA polymerase (Brown et al. 1988; Maki et al. 1990 ). The entire double-stranded sequence of Chinese hamster RPSl4 (5,300 bp) was determined by using the dideoxynucleotide chain-termination method (Sanger and Coulson 1975 ) , synthetic oligonucleotide-sequencing primers, and a nested set of pBSKSM 13 + deletion plasmids constructed from cloned genomic DNA by digestion with exonuclease III and mung bean nuclease (Henikoff 1984; Brown et al. 1988; Maki et al. 1989 ).
same band is slightly smaller ( m4.0 kbp) in DNA from mutant cell line Em'-75, which exhibits a Thai RFLP affecting RPSl4 (fig. 2B, lane 2) . Detection of the RFLP confirmed that the PCR-amplified intron derives from the transcriptionally active Rk?SZl locus and that it detects the active S14 gene specifically.
A CHO genomic DNA library constructed in AGEM-1 was screened by using nick-translated pGS 14-4 1 [32P] DNA as the hybridization probe. Eight positive plaques were recognized in 7 genome equivalents of DNA ( 1 genome equivalent N 4 X lo9 bp), consistent with genetic studies which indicated that RPSZ4 is a single-copy locus in the CHO genome (Boersma et al. 1979a (Boersma et al. , 1979b . All eight clones were purified and analyzed by detailed restriction mapping. The restriction maps confirmed that all of the clones derived from a single chromosomal site, which is illustrated in figure 3 . S14 sequences in one of the clones, CHGS14-1, reside within an 8.5-kbp XhoIEcoRI restriction fragment (highlighted in fig. 3 ). This region was subcloned into plasmid vectors as an XhoI fragment in pGS 14-44 and as a Bgl II-EcoRI fragment in pGS 14-45 ( fig. 3 ) . The S 14 DNA sequence in pGS 14-45 was determined according to the strategy summarized by arrows at the bottom of figure 3. In toto, 5,300 bp of chromosomal DNA were sequenced and deposited in the GenBank database.
The CHO RPSl4 DNA sequence determined includes 178 bp of proximal upstream flanking DNA, five exons [ fig. 3 , black square ( W) in pGS 14-45 1, four introns whose locations were deduced by alignment of the genomic and cDNA clones, and
3.-Molecular clones of the CHO RF'S14 locus. Restriction maps of GEM-1 1 clone CHGSlC 1 and of pBSKSM 13 + plasmids pGS 14-44 and pGS 14-45 are illustrated. Hatched boxes in the CHGS 14-1 map represent hGEM-11 vector arms. Blackened boxes in the CHGSl4-1 and pGS14-44 maps mark restriction fragments which hybridized with S14 cDNAs and, in the pGS14-45 map (labeled I-V), with S14 exons.
Exons were recognized by alignment of RPSl4 genomic and cDNA sequences. The map of pGS14-45 also indicates the pGS 14-4 I intron probe used to isolate the clones, as well as the 7'huI restriction site responsible for the Em'-75 RFLP (T* ) . Arrows at the bottom of the figure summarize the DNA segments sequenced. Scales (in bp) are located below each map. Restriction-endonuclease cleavage sites are labeled as follows: B = BumHI; Bg = BglII; E = EcoRI; H = HindIII; P = PsfI; SC = Scab Ss = Ssd; T = ThuI; X = XhoI; and Xh = XhoII.
Mammalian r-Protein S 14 Gene Evolution 509 459 bp of downstream information. The ScaI and XhoII sites which flank the intron cloned as pGS14-41, as well as the 7'haI cleavage site associated with the Em'-75 RFLP, are indicated in figure 3. The DNA sequence determined for intron 2 and its surrounding exons was identical to that contained in the 677-bp PCR-amplified genomic DNA fragment cloned in pGEM-1 (see above).
The biological function of CHGS 14-1 was tested by transfection into the emetineresistant CHO mutant, Em'2-2 (Madjar et al. 1983) . As demonstrated elsewhere, human ( Rhoads and Roufa 1987 ) and insect (Maki et al. 1990 ) RPSl4 DNA clones restore Em'2-2 cells to wild-type drug sensitivity, because of expression of their encoded r-proteins and the proteins' assembly into emetine-sensitive 40s ribosomal subunits. Transfected CHGS 14-1 also rendered Em'2-2 cells sensitive to emetine. Therefore, we concluded that clone CHGS14-1 harbors a complete and functional copy of the Chinese hamster RPSZ4 locus.
The intron-exon organization of CHO RPSl4 was compared with those of other eukaryotic S14 homologues whose structures are known (fig. 4) . These genes derive from a protozoan ( Trypanosoma brucei), two fungi (Saccharomyces cerevisiae, and Neurospora crassa), an insect (Drosophila melanogaster), and human. As indicated in figure 4 , none of the RPSI4 intron locations are conserved among the lower eukaryotic genes. In contrast, CHO and human RPSZ4 homologues display very similar intron-exon organizations. Their four introns interrupt protein-coding exons at identical positions within the S 14 mRNA sequence. However, CHO and human S 14 intron lengths differ significantly. CHO RPS14 introns 1, 2, and 4 are shorter than their human counterparts ( 1,755 vs. 1,883 bp, 450 vs. 613 bp, and 573 vs. 1,259 bp, respectively), whereas CHO intron 3 ( 1,336 bp) is larger than its human analogue (1,103 bp).
High-resolution dot-matrix analysis documented extensive conservation of exon sequences in Chinese hamster and human RPSl4 but no discernible intron DNA sequence similarities (data not shown). Nucleic acid sequence identities involving exons II-V terminate precisely at intron-exon boundaries. However, the similarity around exon I extends short distances into the 5' flanking sequence and into intron 1. For details, see figure 5. Although accurate transient expression of human RPSl4 in vitro requires ~32 bp of upstream flanking DNA (Rhoads and Roufa 1987) , stringent conservation of DNA sequence extending -40 bp farther upstream suggests that additional cis-acting regulatory motifs might be necessary to fine-tune gene expression in vivo.
Nucleic acid sequence alignments illustrated in figure 5 indicate >80% identity among CHO and human RPSl4 genes' proximal upstream regions and all but one of their splice donors and acceptors ( fig. 5, shaded regions) . Internal intron DNAs and adjacent downstream regions (not shown) share few, if any, long DNA sequences. However, the nucleotide sequence identity observed at the intron 1 splice donor site (36 bp) is significantly longer than conservations detected at the 5' junctions of the other three RPSl4 introns ( 1 l-22 bp). This segment of intron 1 includes part of the intervening sequence element required for regulated transcription of human RPSl4 ) and is immediately upstream of a conserved, lo-bp DNA motif which binds the nuclear protein (transcription factor) designated NF-B 1 (P. F. Overman, D. D. Rhoads and D. J. Roufa, unpublished data) . Thus, human and CHO S 14 genes also appear to share at least some, if not all, of the intron 1 DNA sequence motifs which ensure their accurate transcription.
DNA fragments encoding RPSl4 intron 2 also were PCR amplified from other (Perelman and Boothroyd 1990) , two fungi [ Saccharomyces cerevisiae (Larkin and Woolford 1983) and Neurospora crussu (Tyler and Harrison 1990) ], the insect Drosophila melanogaster (Brown et al. 1988) , and two mammals [ Cricetulus griseus (Chinese hamster; present report) and Homo sapiens ]. The transcripts are drawn to scale and are aligned at their ATG initiator codons (dotted line). S 14 protein-coding sequences are represented by hatched rectangles, and noncoding mRNA sequences are represented by unshaded rectangles. mRNA 3'-termini which have not been experimentally determined are indicated by ragged ends. Intron positions are marked by inverted triangles labeled with each intron's size (in bp ) The single intron in T. brucer's S 14 transcript (trans) is processed by trans-splicing (Perelman and Boothroyd 1990) , and therefore its length is not indicated. Intron locations, coding sequence lengths, and mRNA termini specified below the maps are indexed on each gene's ATG initiator codon adenine taken as nucleotide + 1. .< . ,. .,.,.,. . . .,_ ., ., ,., ) DNA sequences derived from the RPM4 proximal upstream region as well as from S 14 intron splice donor and acceptor domains are aligned. African green monkey (Cercopithecus aethiops), chicken (Gallus domesticus), and salmon (Oncotynchus sp.) RPSll intronic sequences, isolated as pCEM-1 clones after PCR amplification with primers Pl and P2, also are aligned with mammalian RPSl4 intron 2 sequences. The monkey, chicken, and salmon DNAs encode putative introns of 6 13,203, and 150 bp (data not shown). Nucleotide identities is indicated by colons ( : ) . Noncoding sequences which display >80% identity are shaded. Exons are marked by brackets. Amino acid code words and the major mRNA cap site are indicated below the sequences.
vertebrate DNAs (monkey, chicken, and salmon). In figure 5 these intron sequences are aligned with their CHO and human counterparts. All species examined share common splice donor and acceptor motifs, suggesting that RPS14 intron 2 (together with its pre-mRNA processing motifs) was fixed prior to the vertebrate radiation, -300-500 Mya (Wilson et al. 1977 ).
Discussion
We have used a PCR strategy to synthesize a specific probe for the intron-containing CHO-cell r-protein S14 gene. The probe detected a single band on CHO genomic DNA blots and thereby permitted us to isolate several overlapping RPSl4 clones from a Chinese hamster DNA library. CHO S14 protein-coding information spans -4,700 bp of chromosomal DNA sequence. Two lines of evidence indicated that the DNA cloned derives from the transcriptionally active CHO RPSZ4 locus. First, the clones detected an RFLP diagnostic of the Em'-75 mutant RPSZl allele ). Second, the cloned DNAs were expressed after transfection into Em'2-2 cells, rendering them sensitive to emetine.
CHO and human RPSl4 homologues exhibit very similar intron-exon architectures. This contrasts sharply with diverse structures displayed by other eukaryotic S 14 genes (Larkin and Woolford 1983; Himmelfarb et al. 1984; Brown et al. 1988; Perelman and Boothroyd 1990) . Exons within the two mammalian S 14 genes are virtually identical. However, but for strong conservation of their splice donor and acceptor motifs, the genes' introns are composed of completely different DNA sequences. In this regard, the two mammalian RPSl4 homologues which we have characterized are similar to a few other intron-containing genes whose complete DNA sequences are known in various vertebrate species (discussed in Rogers 1990) .
Assuming that mammalian DNA sequences under no selective pressure have diverged at a neutral rate of =0.7%/Myr (Perler et al. 1980) , we estimate that the RPSl4 intron sequence differences observed in hamster and man show > 100 Myr of divergent evolution. This is approximately the time frame proposed for the radiation of mammalian species (Wilson et al. 1977) . Analysis of homologous RPSl4 fragments from monkey, chicken, and salmon DNAs ( fig. 5 ) further indicate that the position of intron 2, as well as the positions of its splice donor and acceptor motifs, were established within the RPSl4 gene family prior to divergence of vertebrate species (mammals, birds, and bony fish). The complete sequence of African green monkey RPSl4 intron 2 differs by 7.8% (48 of 6 13 bp) from its human counterpart (data not shown). This indicates that the two species diverged = 11 Mya, in reasonable agreement with estimates dating the separation of primate lineages ( -4-30 Mya; reviewed in Wilson et al. 1977) . Congruence between these nucleic acid sequence data and other molecular, as well as paleontological, indexes of evolutionary time suggest the usefulness of noncoding intronic DNAs within highly conserved, single-copy genetic loci (e.g., RPSZ4) as quantitative measures of phylogenetic relatedness among closely related eukaryotic genera.
Sequence Availability
DNA sequences described in this report are on file in the GenBank data base under accession number M35008.
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